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The  smart  grids  are  modern  electric  power  grid  infrastructure  for  enhanced  efﬁciency  and  reliability
through  automated  control,  high-power  converters,  modern  communications  infrastructure,  sensing
and metering  technologies,  and  modern  energy  management  techniques  based  on  the optimization  of
demand,  energy  and  network  availability.  The  role  of  buildings  in this  framework  is very  crucial.  Thisicrogrids
mart buildings
ero energy buildings
mart communities
paper  addresses  critical  issues  on smart  grid  technologies  and  the integration  of buildings  in  this  new
power  grid  framework.  The  main  objective  of  this  paper  is to  provide  a contemporary  look  at  the  current
state  of  the art  in  the  potential  of  buildings  and  communities  to be integrated  in smart  grids  as  well  as
to  discuss  the still-open  research  issues  in  this  ﬁeld.  The  challenges  for the  building  sector  are  discussed
and  future  research  prospects  are  analysed.
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. Introduction
Smart grid is a dynamically interactive real-time infrastructure
oncept that encompasses the many visions of the stakeholders
f diverse energy systems. [1]. Smart grids are electrical power
rids that are more efﬁcient and more resilient and therefore,
smarter” than the existing conventional power grids. The smart-
ess is focused not only on the elimination of black-outs, but also
n making the grid greener, more efﬁcient, adaptable to customers’
eeds, and therefore, less costly [1,2]. Smart grids incorporate the
nnovative IT technology that allows for two-way communication
Like the Internet, the Smart Grid consists of controls, comput-
ers, automation, new technologies, smart buildings and equipment
working together, but in this case these technologies will work
with the electrical grid to respond digitally to the quickly chang-
ing energy demands of the users. Therefore smart grids create an
exceptional opportunity for the support of the development of
smart zero energy buildings and communities and offer the step
towards the Internet of Things for the Energy and Building Industry
[3,4].
Smart Grids open the door to new applications with far-reaching
inter-disciplinary impacts: providing the capacity to safely inte-etween the utility and its customers/users. As a result the sensing
long the transmission lines and the sensing from the customer’s
ide is what makes the grid “smart”.
∗ Tel.: +30 28210 37808.
E-mail address: dkolokotsa@enveng.tuc.gr
ttp://dx.doi.org/10.1016/j.enbuild.2015.12.033
378-7788/© 2015 The Author. Published by Elsevier B.V. This is an open access article ungrate more renewable energy sources (RES), smart buildings and
distributed generators into the network; delivering power more
efﬁciently and reliably through demand response and compre-
hensive control and monitoring capabilities; using automatic grid
reconﬁguration to prevent or restore outages (self-healing capa-
bilities); enabling consumers to have greater control over their
electricity consumption and to actively participate in the electricity
market.
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Smart Grids can create a revolution in the building sector.
he accumulated experience of the last decades has shown that
he hierarchical, centrally controlled grid of the 20th Century is
ll-suited to the needs of the 21st Century. The smart grid can
e considered as a modern electric power grid infrastructure for
nhanced efﬁciency and reliability through automated control,
igh-power converters, modern communications infrastructure,
ensing and metering technologies, and modern energy manage-
ent techniques based on the optimization of demand, energy
nd network availability. The role of buildings in this framework
s very crucial. This paper addresses critical issues on smart grid
echnologies and the integration of buildings in this new power
rid framework [5]. The main objective of this paper is to provide
 contemporary look at the current state of the art in the poten-
ial of buildings and communities to be integrated in smart grids as
ell as to discuss the still-open research issues in this ﬁeld. Since
he vast majority of smart grids’ potential customers are buildings
residential, commercial, retail and industrial) and communities,
he paper addresses the challenges posed by smart grids on building
nd community level.
. Smart and zero energy buildings
The energy consumption for buildings accounts for 40% of the
nergy used worldwide. It has become a widely-accepted fact that
easures and changes in the building modus operandi can yield
ubstantial energy savings minimizing the buildings’ carbon foot-
rint [6,7]. Moreover, buildings in the near future should be able
o produce the amount of energy they consume, i.e., become zero
r nearly zero energy buildings (ZEBs) [8,9]. This is a mandatory
equirement based on the fact that by 31 December 2020, all new
uildings shall be nearly zero-energy consumption buildings. New
uildings occupied and owned by public authorities shall comply
ith the same criteria by 31 December 2018 [8,10].
ZEBs are buildings that work in synergy with the grid, avoiding
utting additional stress on the power infrastructure [11]. Achiev-
ng a ZEB includes apart from minimizing the required energy
hrough efﬁcient measures and covering the minimized energy
eeds by adopting renewable sources, a series of optimised and
ell balanced operations between consumption and production
oupled with successful grid integration [12].
Information and Computer enabled Technologies (ICT) and
mart grids implementation are the keys to achieve the afore-
entioned zero energy goals [13]. ICT for energy management in
uildings has evolved considerably the last decades leading to a
etter understanding and penetration of the term “smart build-
ngs” [14]. Advances in the design, operation optimization and
ontrol of energy-inﬂuencing building elements (e.g., HVAC, solar,
uel cells, CHP, shading, natural ventilation, etc.) unleashed the
otential for realization of signiﬁcant energy savings and efﬁcien-
ies in the operation of both new and existing dwellings worldwide.
mart buildings ready to be interconnected with smart grids should
omply with the following requirements:
(a) Incorporation of smart metering.
b) Demand response capabilities.
(c) Distributed architecture.
d) Interoperability.
.1. Smart meteringSmart metering is a prerequisite and starting point for effective
mplementation of smart grids and zero energy buildings’ perspec-
ive. In Finland, the usage of smart metering encouraged consumers
o increase energy efﬁciency by 7%. In order for electricity providersings 116 (2016) 703–708
to deliver intelligent services for customers, bidirectional meter-
ing interfaces should be used to obtain customers’ energy demand
information [15]. Moreover through the advances of smart meter-
ing, sensors based approaches can be exploited to provide energy
load forecasting [16]. Data collected from smart meters, build-
ing management systems and weather stations can be used by
advanced artiﬁcial intelligent techniques and machine learning
algorithms to infer the complex relationships between the energy
consumption and various variables such as temperature, solar
radiation, time of day and occupancy [16–21]. Due to the fast devel-
opment and application of low cost options for energy metering
in recent years, energy load prediction is becoming increasingly
relevant and cost effective[16,22].
Smart metering with sensor based approaches was exploited
in the framework of Green@Hospital project (www.greenhospital-
project.eu/). In this project, the outdoor temperatures and hospi-
tals’ energy demand were predicted for 4, 8, 12 and 24 h ahead
[23]. This prediction is then used for optimal control of the hos-
pitals’ air handling units leading to almost 20% reduction of the
energy use. Other researchers exploit neural networks’ capabili-
ties for 24 h-ahead building-level electricity load forecasting using
data collected from various operational commercial and industrial
building sites [19]. Data mining based approaches to developing
ensemble models for predicting next-day energy consumption and
peak power demand, with the aim of improving the prediction
accuracy are also developed. This approach was  adopted to analyse
the large energy consumption data of the tallest building in Hong
Kong [22] with very satisfactory results. These ensemble models
can be valuable tools for developing strategies of fault detection and
diagnosis, operation optimization and interactions between build-
ings and smart grid. Moreover, data processing and interpretation
extracted by the smart metering can provide useful information
for the buildings’ energy behaviour. Advanced techniques such as
cluster analysis are used by various researchers [14,24] leading to
the determination of optimum clustering procedures as well as
building benchmarking.
2.2. Demand response (DR)
DR [25,26] offers the capability to apply changes in the elec-
tricity usage by the consumers from their normal consumption
patterns in response to changes in the electricity pricing over time
[27]. This leads to lower energy demand during peak hours or dur-
ing periods that electricity grid’s reliability is put at risk. Therefore
demand response is a reduction in demand designed to reduce peak
load or avoid system emergencies. Hence, demand response can
be a more cost-effective alternative than adding generation capa-
bilities to meet the peak and or occasional demand spikes. The
underlying objective of DR is to actively engage customers in mod-
ifying their consumption in response to pricing signals. Demand
response is expected to increase energy market efﬁciency and secu-
rity of supply, which will ultimately beneﬁt customers by way of
options for managing their electricity costs and lead to reduced
environmental impact.
The already available DR programs are generally categorized
into incentive- and price-based programs. Incentive-based pro-
grams provide economic incentives for customers to reduce
demand at times of capacity shortage or exceptionally high electric-
ity prices, whereas price-based demand response programs involve
dynamic tariff rates that promote general changes in patterns of
electricity use. Time-of-use tariffs, which are one of the major price-
based demand response programs in use involve different unit
prices within different blocks of time, and reﬂect the average cost
of utilities during these periods [26].
There are some efforts in country level to show the beneﬁts of DR
in electricity supply. The policy discussions in UK on the economic
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ase for DR are analysed by Bradley et al. [27]. A cost/beneﬁt analy-
is is performed in a quantitative manner showing that the beneﬁts
n country level are clearly very signiﬁcant, i.e., 2.8% reduction
n overall electricity use and a 1.3% shift in peak demand. More-
ver the economic viability of the DR mainly depends on ensuring
articipation by the end users, i.e., the building sector. Increase of
articipation can be ensured by lowering the participant costs and
haring of beneﬁts. Finally it is revealed that the actual costs of the
nfrastructure are also affected by customer engagement and trust.
n empirical study for Sweden is performed by Bartusch et al. [26],
n order to estimate the end users’ response to a demand-based
ime-of-use electricity distribution tariff among Swedish single-
amily residential houses. The study showed that in a long term
he residential households still respond to the price signals of the
ariff by cutting demand in peak hours and shifting electricity con-
umption from peak to off-peak hours.
Energy efﬁcient smart buildings are possible by integrating
mart meter, smart sockets, domestic renewable energy generation
nd energy storage systems for integrated energy management,
nd this integrated system supports demand side load manage-
ent, distributed generation and distributed storage provisions of
uture smart grids [28,29]. Consequently, the effective integration
f buildings in smart grids requires the appropriate levels of digital
echnology and interoperability [30]. The successful implemen-
ation of DR as mentioned in the previous paragraphs requires
ear-real-time power management [31] and advanced building
utomation and communication protocols. More information on
he various communication protocols that can support the ZEB per-
pective can be found in [8]. Recent studies interconnect ASHRAE
ACNET protocol with the wireless ZigBee protocol to provide DR in
he buildings’ energy management side. The Addendum announced
y ASHRAE speciﬁes that the wireless communication for BACnet
ill be based on ZigBee protocol [32]. The interconnection of Bac-
et with ZigBee allows the management of electrical resources and
evices’ load, targeting to optimise and reduce the electricity cost
nd reduce peak power consumption. The real time characteris-
ics and functionalities of the BACnet–ZigBee interconnection are
xamined, showing the potential and critical role of recent devel-
pments in the implementation of smart grids’ infrastructure in
uildings. Other researchers provide interconnection of the BAC-
et and EnOcean protocols to measure energy metering of various
ppliances in buildings and control the load using wireless commu-
ications [25]. Additionally, the DR using the speciﬁc connectivity
s shown using experimental facilities that can respond to real-time
hanges in the electricity price.
.3. Distributed systems
Distributed systems play a crucial part in effecting smart build-
ngs’ demand response as they provide the necessary technical
nfrastructure [33]. Moreover distributed systems support the
ffective exploitation of energy storage. Since smart grids may  inte-
rate renewable energy sources, energy storage is often seen as
ecessary for the electric utility systems with large amounts of
olar or wind power generation to compensate for the inability to
chedule these facilities to match power demand.
Load shifting through effective thermal energy storage or elec-
ricity storage is a major part of smart grids and already exploited
y various studies for generation–consumption matching and zero
nergy targeting [32,33]. Therefore as the major power consumers
t demand side, buildings can actually perform as distributed ther-
al  storages to help relieve power imbalance of a grid. This requiresccurate prediction of possible power demand variations of build-
ngs and energy information from the grid side for interaction and
ptimization [36] based on measurements acquired from smart
etering.ings 116 (2016) 703–708 705
Finally smart grids can play a signiﬁcant role in the building sec-
tor due to the fact that they create a physical proximity between
consumers and energy production that may  help increase end
users’ awareness towards a more rational use of energy for build-
ings. Studies show that the users awareness combined with smart
grids can decrease the energy costs by 15% [37].
3. Smart and zero energy communities
Moving from the building to the community level, the requests
of the future communities are very demanding. They should be
places of advanced social progress and environmental regenera-
tion, as well as places of attraction and engines of economic growth
based on a holistic integrated approach in which all aspects of sus-
tainability are taken into account.
As mentioned in the Leipzig Charter (http://ec.europa.
eu/regional policy/archive/themes/urban/leipzig charter.pdf),
sustainable communities and cities should:
• Create the suitable environment for urban populations that can
attract industry, businesses, tourism and workforces.
• Modernize the infrastructure networks. This approach is about
achieving a high-quality and affordable urban transport system
that includes a network linking the city to the region, as well as
providing and improving supply networks such as energy, waste-
water treatment and water supply.
• Ensure the efﬁcient use of natural resources, economic efﬁciency
and the energy efﬁciency in new and existing buildings.
The National Renewable Energy Laboratory deﬁned the zero
energy community as “one that has greatly reduced energy needs
through efﬁciency gain such that the balance of energy for vehicles,
thermal, and electrical energy within the community is met  by renew-
able energy”  [12] and “community scenarios could link transportation,
home and the electric grid as well as enable large quantities of renew-
able power onto the grid”.
Therefore, a smart zero energy community (http://www.
smartcommunities.org) is a region where its citizens and local
authorities are exploiting the information technology to “transform
life and work in signiﬁcant and fundamental rather than incremen-
tal ways” to meet the aforementioned strategies and objectives. As
mentioned in the Smart Communities website: “The goal of such an
effort is more than the mere deployment of technology. Rather it is
about preparing one’s community to meet the challenges of a global,
knowledge economy”.
Smart Grids can be the basis of smart zero energy communities
offering:
(1) Reliability and security as the prominence of information tech-
nology.
(2) Optimal operation thus contributing to a
generation–consumption matching [8] through the full
exploitation of Low Zero Carbon (LZC) emissions’ technologies
[12,36].
(3) Adaptation to the rapidly evolving ICT technologies, as well as
exploitation of the internet capabilities and smart devices and
applications [4].
(4) The necessary balance between the energy demand and energy
production on community, neighbourhood and district level
contributing to the smart and sustainable urban environment.
Effective management of the intermittency of Renewable
Energy Sources power generation as well as of operational and
capacity reserve in conjunction with the buildings’ energy demand
proﬁles. In order to understand more clearly the role of smart
grids in zero energy communities, some examples are presented in
706 D. Kolokotsa / Energy and Buildings 116 (2016) 703–708
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orldwide can be found in [39].
The role of net energy metering and the time of use rate in
he electricity demand of a zero energy apartment community are
nvestigated [40]. The apartments’ community is placed in West
illage in Davis, California. Smart scheduling is applied in order to
chieve peak load shaving by using the various household appli-
nces during off-peak hours. The peak demand is reduced by 18%,
he part-peak demand by 32% and the off-peak demand is increased
y 12%. Since the apartments are using photovoltaics for electric-
ty, the community occupants can beneﬁt signiﬁcantly if the surplus
eneration by the photovoltaics is maximized and sold to the grid
uring peak hours (Fig. 1) .
Moreover a low energy community conﬁguration for the Island
f Hawaii is proposed in [41]. The overall work included energy pro-
uction using photovoltaics, storage systems using batteries and
ompressed air systems, demand response of buildings, passive
ooling techniques for energy efﬁciency as well as microclimate
nd landscape assessment.
An advanced energy management and optimization model for
he operation of the Leaf Microcrid Community is proposed by
olokotsa et al. [42]. The aim of the model is to minimize the energy
ost of the microgrid by performing a generation–consumption
atching using genetic algorithms. The optimization procedure
s supported by energy load forecasting and energy production
rediction (by the photovoltaics and hydroelectric plant) using
rtiﬁcial neural networks. While the optimization horizon is 24 h
head, the optimization and management procedure leads to
lmost 6% reduction of the energy costs for the microgrid and
igniﬁcant cost savings for the community without extra energy
nvestment.
Similar works include apart from genetic algorithms [43,44] the
se of fuzzy logic and Particle Swarm Optimization (PSO) method
45] as well as non-linear constrain multiobjective optimization
ethod[46].
Another potential application of smart grids in community level
s the operation of small and medium enterprises (SMEs) which
ave multiple operational characteristics ranging from ofﬁce build-
ngs, retail, industrial, etc. and different energy patterns and needs
47]. Though the potential for carbon reduction of SMEs is unclear
ue to the diversity of the end uses, smart grids can be a viable
ool for SMEs decarbonization since additional data can be available
hrough detailed smart metering. Therefore the electricity loads of’s components.
the SMEs can ne discretized and the proportions that are available
for load shifting or shaving can be more easily identiﬁed.
These can be space heating, cooling and hot water in the com-
mercial sector and heating or cooling in industry.
Last but not least, the social aspects of smart grids in community
level should be clearly examined. The fast promotion of smart grids’
capabilities and potential applications will be much easily digested
by the local communities if social inclusion is taken into account.
The role of social experts in this aspect is of great importance [48].
4. Conclusions and future prospects
Smart Grids can be considered very promising for the energy
and building environment industry due to the fact that create a
physical proximity between consumers and micro energy sources
that help increase consumer awareness towards a more rational
use of energy.
Moreover smart grids can offer new opportunities for the reduc-
tion of gas emissions by creating technical conditions that increase
the connection of devices and renewable energy resources at the
low voltage level.
In addition, smart grids in the building sector offer a great oppor-
tunity for improving the power quality and reliability of energy
sources due to the fact that it offers decentralization of supply, bet-
ter supply and demand matching, reduction of transmission losses
and minimization of downtimes. Thus energy investments can be
shifted from the expansion of transmission and large scale gener-
ation systems to the energy efﬁciency in the building sector, i.e.,
improving building fabric, increasing green infrastructure in the
community, improving indoor and outdoor environment interac-
tion by landscape solutions.
In addition, widespread application of modular micro genera-
tion sources on community level may  contribute to the reduction
of the energy price in the power market. Further, price reduction
may  be achieved by optimizing micro-generation operation and
performing building load forecasting which is possible due to the
available data from the metering process. As a result the smart grids
can be viewed as aggregators of buildings, consumers and com-
munities that will be empowered with better prices and valuable
opportunities.
In order to reach the aforementioned goals, several chal-
lenges and drawbacks should be overcome. Technical challenges
are mainly related to the lack of experience, knowledge and
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[D. Kolokotsa / Energy and
ompetence to operate successfully the micro generation energy
ources as well as to interact with the building occupants. These
spects require extensive research efforts with an interdisciplinary
erspective that will examine smart grids’ real time manage-
ent, protection and control. Simultaneously, the role of the end
sers and building occupants should be enhanced and success-
ully incorporated. Internet of things can play a signiﬁcant role
n this direction as it can support awareness raising of end users
nd provide user friendly applications for demand response and
oad management capabilities. In order to achieve this, speciﬁc
elecommunication in infrastructures as well as open communi-
ation protocols should be provided to help managing, operating
nd controlling buildings within smart grids.
Another signiﬁcant challenge is related to the increased initial
nstallation cost which constitutes a great disadvantage. Speciﬁc
olicies and incentives should be provided by the governmental
odies to encourage investment in order to reach national carbon
eduction goals.
Finally, signiﬁcant effort should be put in the development of
tandards concerning the operational characteristics, the power
uality, real time optimization and overall management.
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